The proatherogenic role of low ESS has been extensively evaluated in vitro, 3, 11 and in vivo using Doppler ultrasound in human carotid 7 and murine atherosclerosis, 12,13 using intravascular ultrasound (IVUS) in human coronary [14] [15] [16] and swine 10,17 arteries, and using MRI in human carotid 18-20 and thoracic arteries, 21 and murine models. 22 Some of these studies have Background-Local hemodynamic factors, particularly low endothelial shear stress (ESS), play a role in the focal formation of atherosclerosis. We used in vivo MRI to investigate the role of the magnitude of ESS on vascular remodeling, plaque burden, and disruption using a rabbit model of controlled atherothrombosis. Methods and Results-Atherosclerosis was induced in New Zealand white rabbits by cholesterol diet and endothelial denudation. MRI was performed before (pretrigger) and after (posttrigger) inducing plaque disruption with Russell viper venom and histamine. Of the 134 vascular segments studied, 28 contained thrombus (disrupted) and 106 did not (nondisrupted). Disrupted plaques were histologically characterized by a thin, inflamed fibrous cap, a dense lipid core, and mural thrombus. Pretriggered MRI revealed that disrupted plaques clustered at regions with low mean ESS (11.55±5.3 versus 20.9±9.74 dynes/cm 2 ; P<0.001) and low peak ESS (21.5±11.2 versus 49.2±21.5 dynes/cm 2 ; P<0.001) compared with nondisrupted plaques. The peak ESS negatively correlated with the plaque area (r=−0.56, P<0.001) and remodeling ratio (r=−0.4, P=0.008). There was also a negative correlation between the mean ESS and the remodeling ratio (r=−0.55, P<0.001). Both the peak ESS and the mean ESS did not correlate with the % stenosis; there was a weak but statistically significant correlation with the % cross-sectional narrowing (r=0.3, P=0.002 and r=0.2, P=0.04, respectively). Receiver operating characteristic analysis showed that both mean (Area under the curve =0.78; 95% CI, 0.69-0.87) and peak ESS (Area under the curve=0.85; 95% CI, 0.78-0.93) identified disrupted plaques. Conclusions-We demonstrated that low ESS is associated with plaque burden, positive vascular remodeling, and plaque disruption in a rabbit model. Assessment of ESS by noninvasive MRI might be useful for assessing atherosclerotic risk. (Circ Cardiovasc Imaging. 2013;6:302-310.)
D isruption of atherosclerotic plaque and thrombotic occlusion of the lumen is one of the major causes of morbidity and mortality in western societies. Despite the systemic and multifactorial nature of atherosclerosis, plaque development is focal and occurs at particular regions of the vasculature, including the branches, the inner curvature, and the outer wall of bifurcations, where disrupted flow and low endothelial shear stress (ESS) occur. 1 ESS is the tangential stress derived from the friction of flowing blood on the vascular endothelium surface and is expressed as force/unit area (N/m 2 or Pascal or dyne/ cm 2 ). ESS is proportional to the product of the blood viscosity and the spatial gradient of blood velocity at the wall (ESS=dv/ dy). ESS is pulsatile with a magnitude that ranges from 15 to 70 dyne/cm 2 over the cardiac cycle and yields a positive timeaverage. [2] [3] [4] The first evidence implicating ESS in the localization of atherosclerosis in humans was described by Caro et al 5 Later, sophisticated computational fluid dynamic simulations in autopsy-based models of human coronary 6 and carotid arteries, 7 and aorta 8 showed that areas with low ESS (10-12 dynes/cm 2 ) contained atherosclerosis as found at autopsy. Furthermore, plaques found in regions with low ESS were shown to have histological features of plaque vulnerability, including fewer Smooth muscle cells, lesser collagen, more lipids, positive/outward vascular remodeling in mice, 9 and swine 10 models. also provided a link between low ESS and positive vascular remodeling [14] [15] [16] or low ESS and histological evidence of plaque instability. 10, 12, 13, 17, 18, 22 However, only limited studies using invasive IVUS have investigated the association among low ESS, plaque progression, vascular remodeling, and plaque vulnerability, and have tested the feasibility of these measurements to predict plaque growth and instability. 14, 23 MRI has evolved as a noninvasive imaging modality to visualize the vessel wall with high spatial resolution in humans [24] [25] [26] and animal models. 27, 28 MRI acquisition protocols can also provide velocity data that can be accurately matched with anatomic images. Various flow data can be extracted from the acquired images, including velocity profiles, flow rates, shear rate, and shear stress. 21, 29, 30 In this study, we have used in vivo MRI in a rabbit model of atherosclerosis and controlled plaque disruption [31] [32] [33] to investigate whether low values of ESS associate with plaque burden, vascular remodeling, and plaque disruption. This model was initially used for the detection of mural thrombus formed after plaque disruption by in vivo MRI without 34 and with a fibrin contrast agent. 35 Most recently, we have shown the histological similarities between rabbit and human plaques, 33 and the ability of in vivo MRI measurements to predict plaque with a higher likelihood of disruption. 28
Methods

Animal Model
Male New Zealand white rabbits (n=10, Charles River Laboratories, MA) were rendered atherosclerotic as previously described. 28, [31] [32] [33] [34] [35] Briefly, rabbits were fed a 1% cholesterol diet (PharmaServe, MA) for 2 weeks before and 6 weeks after balloon injury of the abdominal aorta, followed by 4 weeks of normal chow diet. Denudation of the aortic wall was performed under general anesthesia (acepromazine [0.75 mg/kg IM], ketamine [35 mg/kg, IM], and xylazine [2.5 mg/kg, IM]). As in our previously published work, a 3F Fogarty catheter (Edwards Biosciences) was introduced into the aorta through a femoral artery cutdown. The catheter was advanced to the level of the diaphragm, where the balloon was inflated. Then the catheter was gently retracted to the iliofemoral artery. This procedure was performed 3 times in each rabbit. The catheter was then removed, and the incision was closed with sutures. Therefore, the aorta between the renal branches, right below the diaphragm, and the iliac bifurcation was denudated covering a length of ≈9 to 10 cm. 28, [31] [32] [33] [34] [35] Pharmacological triggering of thrombosis was induced with Russell viper venom (0.15 mg/kg IP; Enzyme Research, IN), a procoagulant factor followed 30 minutes later by histamine, a vasoconstrictor in rabbits (0.02 mg/kg IV; Sigma-Aldrich, MO). This procedure was performed twice within a 48-hour period. Within 24 hours after the final MRI, the rabbits received heparin (1000 united states pharmacopeia (USP) units IV; Sigma-Aldrich) to prevent postmortem blood clotting and were euthanized with a bolus injection of sodium pentobarbital (100 mg/kg IV). Subsequently, the aortas were excised, stretched to physiological lengths, and fixed in 10% formalin for histological analysis. During extraction, the aortas were marked with suture ligature at distances above and below the left renal branch that matched the total length covered by the in vivo MRI slices. Before cutting the vessel, its total length was measured with a ruler. After extraction, the ligatures were used to reextend the aortas to their physiological length, at which time they were fixed with 10% formalin solution (Thermo Scientific, Waltham, MA) and cut in 1.5-to 2.0-cm segments. To avoid rotational problems, the proximal end of each segment was marked with ink on its anterior side. Animal studies were performed in accordance with guidelines approved by the Institutional Animal Care and Use Committee of Boston University.
MRI Protocol
In vivo MRI experiments were performed on supine rabbits using a 3T Philips Intera Scanner (Philips Medical Systems, OH) and a 6-channel synergy knee coil ( Figure 1 ). A peripheral pulse oximeter was placed on the ear for cardiac gating. The aorta of atherosclerotic rabbits, between the renal branches and the iliac bifurcation, was imaged before (pre) and 48 hours after (post) the first pharmacological triggering. Coronal three-dimensional (3D) phase-contrast magnetic resonance (MR) angiograms acquired with a T1-weighted fast-field echo sequence and Repetition Time (TR) =20 ms, Echo Time (TE) =3 ms, flip angle=15°, Field of View (FOV) =300×150 mm, matrix=256×122, slice thick-ness=1 mm, in-plane resolution=1.17×1.23 mm, reconstructed resolu-tion=0.6×0.6 mm, slices=20, averages=2, and duration=3 minutes. The maximum intensity projection images were used to plan the subsequent scans. Two-dimensional axial T1-weighted black-blood images were acquired with a double inversion recovery, turbo spin echo sequence, and cardiac gating. The parameters for the T1-weighted black-blood images were as follows: TR=2 seconds, TE=5.4 ms, Turbo Spin Echo (TSE) =6, black-blood pulse=4 mm, delay=350 ms, FOV=120×85 mm, acquired matrix=384×270, slice thickness=4 mm, acquired inplane resolution=0.31×0.31 mm, reconstructed resolution=0.23×0.23 mm, slices=25, averages=2, and duration=10 to 15 minutes. Cardiacgated, phase-contrast images were acquired with a 3D T1-weighted fast-field echo sequence. The acquisition parameters were as follows: TR=15.5 ms, TE=6.8 ms, flip angle=15°, slices=25, FOV=50×30 mm, matrix=208×138, slice thickness=4 mm, acquired in-plane resolution=0.24×0.22 mm, reconstructed resolution=0.2×0.2 mm, encoding velocity=150 cm/s, cardiac phases=8 to 10, averages=2, and scan duration=10 minutes. Finally, contrast-enhanced (Magnevist 0.1 mmol/kg, IV) phase-contrast MR angiogram images were acquired 2 to 3 minutes after injection of the contrast agent, with the same parameters described above but without cardiac gating.
Histology
Transverse cryo-sections (10 µm) were collected throughout the length of each segment, at 500-μm intervals, and stained with Masson's trichrome (Sigma-Aldrich) for plaque components and thrombus. Unstained sections were used for polarized light microscopy to identify the lipids. Disrupted (vulnerable) plaques were defined as those with attached platelet and fibrin-rich thrombus, whereas plaques without overlying thrombus were defined as nondisrupted (stable). 28, [33] [34] [35] The distances from the aortic renal branches and the iliac bifurcation were used as internal anatomic markers to match the MRI and histological sections.
Image Analysis
Pretriggered MRI images were used to calculate the plaque, vessel, and lumen areas, % cross-sectional narrowing, % stenosis, ESS, and arterial remodeling as previously described. 28 The posttriggered MRI were used to detect thrombus and classify plaques as nondisrupted or disrupted. In all the cases, the final categorization of disrupted or nondisrupted plaques was performed on the basis of histology. T1-weighted black-blood images were used to calculate the plaque area (PA) and the % cross-sectional narrowing by manually segmenting the adventitial and luminal contours of the vessel wall as follows: The cardiac-gated phase-contrast MR angiogram images were used to calculate the ESS (dynes/cm 2 ) using an in-house Matlab software. The lumen was automatically segmented using a level set function. The vessel wall was divided into 16 segments, which were determined at every 22.5° in the circumferential direction from the center of the mass. By averaging the cardiac cycle, the time-averaged shear rates for 16 segments were calculated, the maximum of which was defined as the peak shear rate, whereas the mean was determined as the mean shear rate. The ESS was calculated as: shear rate×viscosity (4 cP). 21 Ungated 3D phase-contrast MR angiogram images acquired immediately after injection of gadolinium-diethylenetriaminepentacetate (Gd-DTPA) were used to calculate the remodeling ratio (RR) and the % stenosis as previously described. 28 Briefly, the anatomic images were used to measure the vessel area for the calculation of the RR, and the corresponding flow-encoded images were used to calculate the lumen area and the % stenosis. The RR and the % stenosis were calculated after correcting for arterial tapering and for interindividual variability of arterial size. The RR was calculated as follows:
RR
Vessel area Vessel area lesion reference = .
Three remodeling categories defined as previously described 28 Because of diffuse vessel wall disease in this animal model, the reference site was chosen to be the slice with the least amount of plaque, assuming that it was least affected by the disease.
Statistical Analysis
Analyses were performed using SPSS 11.0 (SPSS Inc). For 2-group comparisons, continuous variables were compared using either a 2-sample t test or a Mann-Whitney nonparametric test. Categorical variables were compared using the χ 2 test. Multiple group comparisons were done using 1-way ANOVA followed by the Bonferroni post hoc test. Qualitative data are presented as frequencies. Receiver operating characteristic (ROC) curves of the MRI measurements were also calculated. The cutoff values for the mean ESS=12.63 dyne/ cm 2 and peak ESS=39.45 dyne/cm 2 were calculated on the basis of ROC curve as the value corresponding to the highest sensitivity and specificity in predicting plaque disruption. Data are presented as mean±SD. P<0.05 were used to define statistical significance.
Results
Atherosclerotic Plaque Disruption Occurs at Vascular Regions With Low ESS Undergoing Positive Remodeling
Atherosclerosis was observed in all rabbits, and thrombosis occurred in 6/10 (60%) of the animals. A total of 134 atherosclerotic wall segments/slices were analyzed, of which 28 (20.8%) showed mural thrombus after triggering for plaque disruption, whereas 106 did not (79.1%).
An example of the association among the mean magnitude of ESS, vascular remodeling, and plaque disruption after triggering is illustrated in Figure 2 . The pretrigger T1-weighted black-blood images (Figure 2A and 2F) compare a nondisrupted and a disrupted plaque, respectively. The pretrigger flow-compensated images ( Figure 2B and 2G) used to calculate the RR show that the nondisrupted plaque had undergone negative remodeling (RR=0.85), whereas the disrupted plaque had undergone positive remodeling (RR=1.17). The pretrigger flow-encoded images ( Figure 2C and 2H) were used to derive the vectors associated with the magnitude of the mean ESS at the wall contours ( Figure 2B and 2G) . The magnitude of the ESS is illustrated on the surface plots ( Figure 2D and 2I ) that indicate a higher mean ESS (22.1 dynes/cm 2 ) at the site of the nondisrupted plaque and a lower mean ESS (12.2 dynes/cm 2 ) at the site of plaque disruption. Ex vivo en face images verified the constrictive remodeling at the site of the nondisrupted plaque ( Figure 2E ) and the expansion of the vessel wall at the site of plaque disruption ( Figure 2J ). Furthermore, Figure  2J reveals occlusive platelet-rich thrombus associated with plaque disruption, whereas the clot seen at the site of the nondisrupted plaque is coagulated blood.
Another example of the association among vascular remodeling, ESS, and histological characteristics of plaque vulnerability is demonstrated in Figure 3 . A nondisrupted plaque ( Figure 3A -3F) with negative remodeling ( Figure 3B ) located in a region of relatively high mean (18.3 dynes/cm 2 ) and high peak ESS (87.1 dynes/cm 2 ) was characterized by proliferating SMC and proteoglycans ( Figure 3C and 3E) and low-lipid content ( Figure 3D and 3F ). Conversely, a disrupted plaque ( Figure  3G -3L) with positive remodeling ( Figure 3H ) located in a region of low mean (12.6 dynes/cm 2 ) and low peak (28.2 dynes/ cm 2 ) ESS was histologically characterized by a thin fibrous cap, which became discontinuous at the site of plaque rupture ( Figure 3I and 3K) , and a dense lipid core ( Figure 3J and 3L) .
Statistical analysis of disrupted and nondisrupted plaques revealed that disrupted plaques localize at regions with low mean ESS (11.55±5.3 versus 20.9±9.74; P<0.001) and low peak ESS (21.5±11.2 versus 49.2±21.5; P<0.001) compared with nondisrupted plaques (Table) .
Association of the Magnitude of ESS With Plaque Characteristics Measured In Vivo
The association of the magnitude of ESS, plaque characteristics, and vascular remodeling is illustrated in Figure 4 .
The peak ESS negatively correlated with the PA (r=−0.56, P<0.001) and RR (r=−0.4, P=0.008), indicating that large plaques and positive arterial remodeling occurred in regions with low ESS. There was also a strong negative correlation between the mean ESS and the RR (r=−0.55, P<0.001) but not with the PA. As in the case of the peak ESS, the mean ESS did not correlate with the % stenosis. Finally, both the peak ESS and the mean ESS correlated weakly but significantly with the % cross-sectional narrowing (r=0.3, P=0.002 and r=0.2, P=0.04, respectively).
Association of the Magnitude of ESS With Vascular Remodeling
The association between the magnitude of local ESS and the type of vascular remodeling is demonstrated in Figure 5 . Positive remodeling was seen in regions of both lower mean ESS ( Figure 5A ) and lower peak ESS ( Figure 5B ), whereas negative remodeling occurred in regions with higher mean and higher peak ESS. The peak ESS was distinctively different among the different vascular remodeling types (P<0.001) compared with the mean ESS.
Association of the Magnitude of ESS With Disrupted Plaque
The discrimatory power of ESS in identifying disrupted plaque was studied using ROC analysis ( Figure 6A ). Both low mean ESS (AUC=0.78; 95% CI, 0.69-0.87) and low peak ESS (AUC=0.85; 95% CI, 0.78-0.93) showed a moderate discriminatory power and, therefore, potential utility as a diagnostic test in determining disrupted from nondisrupted plaque. Furthermore, ROC analysis revealed the best cutoff value for the mean ESS=12.63 dynes/cm 2 and for the peak ESS=39.45 dynes/cm 2 . Classification of ESS shows that 66.6% of disrupted plaques had a mean ESS<12.63 dynes/cm 2 and 96.4% had a peak Figure 6B) . Conversely, only 33.4% of the disrupted plaques had mean ESS>12.63 dynes/cm 2 and 3.6% had a peak ESS>39.4 dynes/cm 2 . Of the non-disrupted plaques, only 21.7% had a mean peak ESS<12.63 dynes/cm 2 and 41% had a peak ESS<39.45 dynes/cm 2 (Figure 6C ).
Discussion
In this study, we used a rabbit model of accelerated atherosclerosis and controlled plaque disruption to study the relationship of ESS with plaque burden, vascular remodeling, and plaque disruption. Previous studies have highlighted low ESS as a critically important determinant of plaque development and progression to high-risk (vulnerable) plaques with a large necrotic core, increased inflammation, and thin fibrous cap. All these histological features are replicated in disrupted aortic plaques in the rabbit model. Moreover, the ability to experimentally induce plaque disruption and thrombosis at a precise time point provides a functional end point to classify plaque as nondisrupted/stable (no thrombus) or disrupted/vulnerable (mural thrombus). Using MRI protocols that previously demonstrated a strong association among plaque burden, positive remodeling, and plaque disruption, 28 we now tested the association of ESS with plaque burden, vascular remodeling, and the likelihood of plaque disruption.
Using noninvasive in vivo MRI, we found that regions of low local ESS associated with larger PA, positive arterial remodeling, and plaque disruption. Both the peak ESS and the mean ESS correlated weakly but significantly with the % cross-sectional narrowing, but because of the vascular remodeling effect there was no association of ESS with % stenosis. Classification of ESS showed that the majority of the disrupted plaques occurred in regions with mean ESS<12.63 dynes/cm 2 and with peak ESS<39.45 dynes/cm 2 . Finally, ROC analysis showed that both mean ESS and peak ESS have a moderate discrimatory power in identifying disrupted plaques. These data suggest that local ESS might be critical for plaque burden and disruption and that noninvasive assessment of ESS may be a useful surrogate marker for stratifying atherosclerotic risk.
Positive remodeling delays the development of flow-limiting stenosis by preserving the lumen as seen in histological 37 and in vivo imaging studies. [38] [39] [40] Despite the initial beneficial role of outward remodeling, it also increases the likelihood of plaque destabilization, rupture, and clinical symptoms. Recently, 3 prospective clinical studies using IVUS and CT have shown that a large plaque burden, the presence of thin-cap fibroatheromas (Predictors of Response to CRT [PROSPECT] study), 41 a positive remodeling index (VH-IVUS in Vulnerable Atherosclerosis [VIVA] study), 42 and a positive remodeling together with low attenuation on CT 43 were predictors of adverse cardiac events in humans with coronary artery disease. In vivo IVUS studies have shown that high-risk swine coronary plaques 10, 23 and human coronary arteries exhibiting progression and in-stent restenosis 14 localize at regions of low ESS (<10 dynes/cm 2 ). Positive remodeling requires restructuring of the extracellular matrix scaffold to release their imposed constraints, which could be promoted by increased secretion of matrix metalloproteinases 44 that degrade the extracellular matrix. Moreover, augmented expression and activity of extracellular matrix-degrading enzymes were shown to occur in regions of low ESS and colocalize with thin fibrous cap atheromas in swine. 17 Previous studies have identified hemodynamic shear stress as an important determinant of endothelial function and phenotype. Arterial shear stress (>15 dyne/cm 2 ) induces endothelial quiescence and an atheroprotective gene expression profile, whereas low shear stress (<4 dyne/cm 2 ) that is prevalent at atherosclerosis-prone sites stimulates an atherogenic phenotype. 11 Although it is generally assumed that the average ESS over the cardiac cycle in large straight arteries experiencing laminar flow remains at a physiological level of ≈15 to 20 dynes/cm 2 , the value of ESS varies within the arterial tree and is inversely related to vessel diameter and species size. 45 Similar to our data and despite the interspecies differences in the absolute ESS values, low in vivo ESS has been found in (1) mice upstream of a cast, placed to cause vessel obstruction, at the position where plaques with vulnerable histological features develop (112±52 dynes/cm 2 ), 22 as measured by MRI; (2) high-risk swine coronary arteries (<10 dynes/cm 2 ), as measured by IVUS 10, 23 ; and (3) human coronary arteries exhibiting progression and in-stent restenosis (<9.1 dynes/ cm 2 ), as measured by IVUS. 14 Because plaque disruption is a complex process, comprehensive plaque vulnerability assessment should involve a combination of systemic markers, plaque morphological features, hemodynamic conditions, and biomechanical factors. Technological advances in MRI, image processing software, and development of molecular imaging agents have improved the characterization and measurement of most of these parameters and provide a promising tool for the noninvasive assessment of atherosclerotic disease. MRI sequences that allow velocity mapping of the coronary arteries 46, 47 are now available and could be used for the calculation of ESS in the coronary tree.
Study Limitations
Although no animal model is expected to exhibit all features of human atherosclerosis and plaque rupture, the rabbit model has many similarities, including 6 well-characterized stages of human plaques. 33 In addition, we 33 and others 31, 32 have shown that rabbit disrupted plaques are histologically characterized by large PA, thin fibrous cap, dense lipid core, increased inflammatory infiltrate, neovascularization, tissue necrosis, media, and adventitial disorganization, all of which are features of plaque vulnerability in humans.
Although the rabbit model offers thrombosis as an end point to classify plaque, it is important to consider how the pharmacologically induced plaque rupture corresponds to plaque rupture in humans. As shown by us 33 and others, 31, 32 thrombosis in the rabbit is not an unspecific event, but it occurs only in plaques that share several well-established histological features of plaque vulnerability as those described in humans. Precisely what triggers human plaque to disrupt remains unknown. Studies of coronary arteries 48 have suggested that it involves platelet activation and adhesion, and the release of vasoconstriction molecules, including thromboxane A2 and serotonin. Therefore, the combination of a procoagulant factor (viper venom) and a vasoconstriction agent (histamine) may be an acceptable physiological approximation.
A technical limitation of this work is that the ESS was calculated using velocity data encoded in only the foot to head direction. This could introduce errors in the measurement of ESS if the MRI slices were not perfectly perpendicular to the vessel wall and the direction of blood flow. Another limitation of this study was that data acquisition and analysis were performed at a single time point. Therefore, the role of ESS in the natural progression of atherosclerosis and whether it is a causative or associative factor in the development of atherosclerosis could not be assessed. Such conclusions require a longitudinal study that is the subject of ongoing research in our laboratory. This rabbit model yielded generally similar conclusions as recent studies with swine coronary arteries, which have good correlations with findings in human coronaries, despite the lack of intraplaque hemorrhage and calcification in the rabbit plaques. However, the role of ESS in carotid atherosclerosis has yielded inconclusive results and so far some studies showed a negative correlation between vessel wall thickness and average shear stress, 18 whereas others show a positive correlation. 49 Similarly, some carotid MRI studies have shown plaque ulceration at regions of high ESS, where the plaque protrudes into the lumen, 50 whereas others have shown that higher critical plaque wall stress values are more closely associated with plaque rupture than critical flow shear stress. 51 
Conclusions
Using a rabbit model of controlled atherothrombosis, we demonstrated that low ESS is associated with increased plaque burden, positive arterial remodeling, and plaque disruption after pharmacological triggering. Assessment of ESS by noninvasive MRI in individuals with atherosclerotic disease might be a promising measurement to study plaque growth and atherosclerotic risk. Despite the high predictive value of low ESS in detecting plaque disruption in this animal model, larger scale longitudinal studies in other animal models and humans, and at different sites of the vasculature are needed to establish the role of ESS in plaque progression and whether it is a suitable quantitative marker of plaque vulnerability. Figure 6 . Low local endothelial shear stress (ESS) correlates with the plaque vulnerability. A, Receiver operating characteristic (ROC) analysis shows that both mean and peak ESS have a moderate discrimatory power in identifying vulnerable plaque. B, Classification of ESS shows that 66.6% of the plaques that disrupt had a mean peak ESS<12.63 dynes/cm 2 and 96.4% had a peak ESS <39.45 dynes/cm 2 . C, Classification of ESS shows that only 21.7% of the plaques that did not disrupt had a mean peak ESS <12.63 dynes/cm 2 and 41% had a peak ESS<39.45 dynes/cm 2 . AUC indicates area under the curve.
